1. Post-synaptic responses to acetylcholine (ACh) released from nerve terminals and from iontophoretic micropipettes were investigated in skeletal muscle fibres of the snake. Each fibre has a compact end-plate consisting of fifty to seventy synaptic boutons. The fibres were voltage clamped, and synaptic currents were recorded from visually identified end-plates.
INTRODUCTION
Katz & Thesleff (1957) have demonstrated a sigmoid relationship between the dose of iontophoretically applied acetylcholine (ACh) and the depolarization of the post-synaptic membrane of the frog neuromuscular junction. With low concentrations, doubling the dose of ACh results in more than a doubling of the response (see also Jenkinson, 1960) . Thus, interaction of small amounts of ACh with the synaptic membrane potentiates the effect of additional ACh.
We were primarily interested in the role that the potentiating behaviour of the synaptic membrane may play in the process of chemical transmission and signalling. The extent to which this potentiation occurs will depend on the concentration of ACh in the synaptic cleft during the course of transmitter action. Since transmitter is released in multimolecular packets or quanta from discrete sites in the nerve terminal (Katz, 1969) , we set out to determine the concentration profile of ACh in the synaptic cleft at various times after quanta had been secreted.
This problem was explored on voltage-clamped (Takeuchi & Takeuchi, 1959 ) neuromuscular synapses of the snake, which provide a particularly useful preparation for microphysiological studies (Kuffler & Yoshikami, 1975a) . It was found that quanta of ACh could potentiate each other's action, provided they were released close enough together, and if the preparation was treated with an inhibitor of acetylcholinesterase (AChE) so that ACh was free to diffuse laterally within the synaptic cleft. In contrast; when AChE was active, each quantum provided a very brief pulse of ACh that was spatially confined by rapid hydrolysis and no potentiation was seen. Under normal conditions, therefore, each quantum acts independently. It follows that the maximal concentration of ACh at any point in the synaptic cleft does not significantly exceed the peak concentration produced by a single quantum, regardless of the total number of quanta released simultaneously at the end-plate. In addition, from results on responses to single quanta we conclude that the ACh in a quantum at the peak of its action does not saturate post-synaptic receptors. These 430 H. CR1SS HARTZELL AND OTHERS surface. If any depolarization or change in holding current of the voltage clamp was noted, the brake was increased until no effect was seen when the end-plate was touched with the pipette. (b) For focal application, high resistance pipettes from 150 to 300 Mi were used. They were positioned on the synaptic membrane to give responses with short times to peak. Braking currents of 3-4 nA were adequate to prevent any leakage of ACh or CCh (for details see Kuffler & Yoshikami, 1975a) .
Calcium. To obtain nerve release of ACh from a restricted portion of the presynaptic nerve terminal, Ca2+ was applied from single-and triple-barrel micropipettes to end-plates blocked with low [Ca2+] and high [Mg2+] . (a) Fibre-filled, single-barrel micropipettes with 30-100 Mn resistances were back-filled with 1 MCaCl2. The Ca2+ pipette was positioned at an end-plate so that 20-300 nA pulses given several msec before a nerve stimulus evoked responses with quantal contents between 0-2 and 20 (cf. Katz & Miledi, 1965) . Non-focal responses originating at a distance from the tip of the Ca2+ pipette were blocked by the low [Ca2+] and high [Mg2+] in the bath; m was less than 0-02 in the absence of the focally released Ca2+. (b) Triple-barrel pipettes were used to apply focally both Ca2+ and ACh (or CCh) to the same area. These pipettes were made from glass tubing (o.d. 2 mm) divided into three channels by two parallel partitions down its length (Type III channel tubing, custom made by W. R. Dehn, 15931 Batson Rd, Spencerville, Md). The barrels were easily and quickly back-filled without the use of fibres. One barrel was filled with 1 m-CaCl2, another with 1 M-AChCl, and the middle barrel left empty or filled with Ringer. To electrically insulate the back openings of the barrels from each other, each barrel was filled only half full with solution and the remainder was filled with a fluorocarbon oil. The Ca2+ barrel of these pipettes had resistances of 50-100 Mn. In most cases a Ca2+ pulse decreased the output from a closely following ACh pulse, due to coupling between barrels that could not be avoided. Thus, to assure a constant output from the ACh barrel, Ca2+ was pulsed every sweep, even when the nerve was not stimulated. The nerve stimulus was applied whenever nerve release was needed .
Since multibarrel pipettes had lower resistances than those usually used for focal ACh application, larger braking currents of 5-7 nA were required. Application of a braking current on the Ca2+ barrel was avoided, because such currents caused ACh to be electrophoresed into the Ca2+ barrel. Contamination of the Ca2+ barrel by ACh could be detected by a membrane depolarization when the Ca2+ barrel was pulsed. With no braking current on the Ca2+ barrel large current pulses produced no depolarizing effect on the muscle. Small amounts of Ca2+ in the ACh barrel, however, were not detected.
Our experiments suggest that, at least with small quantal contents, focal Ca2+ application restricted transmitter release to a single bouton. This was shown by the following experiment. Two triple-barrel micropipettes were positioned at separate boutons about 10,um apart. Ca2+ was applied from one barrel and the muscle response to nerve stimulation was recorded extracellularly from another barrel of each pipette. Responses evoked at each bouton were recorded as large extracellular potentials from the pipette positioned at the bouton to which Ca2+ was applied but were not recorded at all, or were recorded with a large decrement, by the pipette positioned at the other bouton. This suggested that the release of quanta evoked after a Ca2+ pulse was localized almost exclusively to the bouton to which Ca2+ was applied.
Diffuse C~a2+ application to single end-plates. When ,um away from the target end-plate. The Ca2+-containing Ringer was then pressure ejected at the rate of 1-50 sl./min. When an end-plate was several hundred jum away from its nearest neighbour, no twitches were seen in the preparation even though the voltage-clamped fibre released 300 quanta to produce a peak response of 1200 nA.
Quantal content analysis. In some experiments we examined the effects of pipetteapplied ACh on a single quantum of ACh released from the nerve (Text-figs. 5, 6, 11). Uniquantal and multiquantal events were, therefore, distinguished as follows. The [Ca2+] pulse from a micropipette positioned at an end-plate blocked in low [Ca2+], high [Mg2+] was adjusted so that the majority of responses were uniquantal. A series of nerve-evoked test responses (alternating with and without the conditioning dose of ACh) *ere obtained at five stimuli per second. The quantal contents of the nerveevoked responses alone and net nerve-revoked responses (see 6) were then determined from the number of failures according to the Poisson theorem (del Castillo & Katz, 1954) . The distribution of failures, uniquantal and multiquantal responses expected from the Poisson distribution was calculated. The largest responses were discarded, leaving the uniquantal responses expected from the Poisson distribution. For the present experiments we used only these uniquantal responses.
RESULTS
Non-linear dose-response relationship at the end-plate Diffuse application of acetylcholine and carbamylcholine under steady-state conditions
We re-investigated the phenomenon of potentiation, using an approach similar to that of Katz & Thesleff (1957) with several modifications. We used twitch fibres of a snake muscle which have compact end-plates with diameters of about 50 /zm (Kuffler & Yoshikami, 1975 Text- fig. 1 , the responses are slow and diffusion-controlled, with a time to peak of about I sec. This is in contrast to the approximately 1 msec lifetime of opening of an individual ionic channel (Katz & Miledi, 1972; Anderson & Stevens, 1973) or the time course of only a few milliseconds for responses to focal application of ACh (see below). Thus, the time course of synaptic currents in Text- fig. 1 reflects the change in ACh concentration rather than the kinetics of receptor-ACh interaction, and at any given moment during the response the situation is in a quasisteady state. Since the time courses were relatively long, very low doses of ACh were applied to minimize the effects of desensitization (Katz & Thesleff, 1957 greatest on the rising phase of the responses and decreases near the peak and during the falling phase. We have not explored the reasons for this but suspect it may be due to desensitization. We therefore focused our attention on the rising phase of the responses as illustrated in Text- fig. 1 B. In this example ACh rather than CCh was applied and acetylcholinesterase was inhibited with prostigmine. The ratio of e.p.s.c a+b to e.p.s.c.a b was 3*5 and remained constant during the rising phase while the responses varied over at least a tenfold range. This indicates that the response is proportional to [ACh] 18 over this concentration range. The concentrations used in Text- fig. 1 fall on the foot of a sigmoid dose-response curve. If the concentrations are increased, the responses fit on to the linear and eventually on to the saturating phase of the curve (Discussion, Text- fig. 15 ).
Post-synaptic potentiation and saturation with focally applied ACh and CCh Acetylcholine. Our principal goal was to investigate the consequences of the non-linear nature of the post-synaptic membrane response when nerve terminals release ACh. First, however, we examined the potentiation and saturation of responses in a model system under experimentally welldefined conditions. ACh was applied focally from micropipettes to produce responses which closely mimicked nerve-evoked synaptic currents. To do this the tip of the ACh micropipettes had to be accurately positioned Text- fig. 1 . Non-linear relationship between the post-synaptic response and the dose of carbamylcholine (CCh) or acetylcholine (ACh). In each experiment two iontophoretic pipettes, a and b, were placed about 2 ,tm apart and about 60 1am directly above the end-plate of a voltage-clamped muscle fibre (sketch at top). A, 20 msec pulses of CCh from pipettes a and b gave identical end-plate currents. Two consecutive traces (a, b) are superimposed. Doubling the dose of CCh by releasing CCh simultaneously from both pipettes resulted in a response (upper trace, a+ b) more than threefold larger than the response to a single dose. The dotted line indicates the expected response if the post-synaptic current had been a linear function of dose, i.e. x 2 larger than the response to a single dose. B, single and double doses of ACh were released as above on to an end-plate in which acetylcholinesterase was inhibited by previous treatment with prostigmine. Responses to 5 msec pulses from pipette a or b were identical (lower trace, a, b). When a and b were pulsed together, the resulting double dose of ACh produced a 3-5-fold increase (upper trace, a + b), instead of a doubling ofthe response (dotted line fig. 2A , B, potentiation of the falling phase of responses to CCh released from two pipettes abutting the post-synaptic membrane was clearly observed. These as well as other results (see Discussion) make it highly unlikely that potentiation is due to a direct effect of anticholinesterases on the ACh receptor.
Potentiating and saturating interactions between pipette-and nerve-released ACh Multiquantal responses. We have seen (Text- fig. 2 ) a potentiating interaction between responses to pipette-released ACh when the ACh concentration falls to a relatively low level. Further, when the ACh concentration is high, the responses may sum linearly or may reach a saturating level. Using the experiment in Text- fig. 2 as a model, the following question arises. What is the concentration of ACh in the synaptic cleft during the nerve-evoked synaptic response? That is, does the nervereleased ACh concentration at the peak of its action saturate the postsynaptic receptors, or is it on the linear or perhaps on the potentiating phase of the dose-response curve? This question can be answered experimentally by applying various background concentrations of ACh from a pipette on to a patch of synaptic membrane and evoking release of ACh from a presynaptic nerve terminal on to the same patch. If quantal release saturates the receptors, any conditioning background of ACh would depress the quantal response. On the other hand, if the nerve-released ACh concentrations are low, the quantal responses may be potentiated or may sum linearly with the background concentration.
The sketch in Text- fig. 3 explains the arrangement for releasing ACh from a nerve terminal and a pipette to cover overlapping areas. First, the secretion of transmitter upon nerve stimulation was completely blocked by bathing the preparation in low [Ca2+] and high [Mg2+] Ringer. Using the method of Katz & Miledi (1965) , release of transmitter was then restored to a small part of the terminal by applying Ca2+ pulses from one barrel of a multibarrel pipette at the edge of a synaptic bouton. A second barrel of the same pipette was filled with ACh, and various conditioning doses of ACh were applied by giving a 2 msec pulse about 8 msec before nerve stimulation. This interval provided time for diffusion of the conditioning ACh, assuring that the areas covered by nerve-and pipettereleased ACh overlapped. To avoid ACh hydrolysis, AChE was inhibited with prostigmine.
In Text- fig. 3 the Ca2+ pulse was held constant, so that each nerve impulse released an average of ten quanta and produced an excitatory post-synaptic current (e.p.s. fig. 3B ), the e.p.s.c.netN peak was not obviously changed, while its time fig. 3C, D) , the e.p.s.c.netN peak was reduced, but the declining phase was still further prolonged.
A more complete picture emerges from in which all the experimental data are plotted. One sees that conditioning e.p.s.c.ps up to 20 nA have little or no effect (Text- fig. 4A ), while beyond that value the e.p.s.c.netN peak is progressively reduced. In Text- fig. 4B , potentiation of the falling phase was expressed as the amplitude of the e.p.s.c.net N 40 msec after the peak of the net N response. At that time the control N response had declined to 5 nA from its peak of 50 nA. Comparing the plots of Text- fig. 4A fig. 3 , sketch. The Ca2+ output was adjusted so that most nerve impulses released no more than one quantum of transmitter on to a background of ACh applied from the pipette 5 msec before nerve stimulation. Prostigmine, 3 x 10-6 gfml.
in bath. Responses were photographed on moving film, accounting for the slanted base line (drawn into illustration). A, response to a single quantum of ACh. B, superimposed traces of a response to pipette-applied ACh (P) and a response to a single quantum released on to a background of pipetteapplied ACh (P + N). Note prolongation of net N whose peak amplitude was not affected.
As anticipated, with larger conditioning doses of ACh (not illustrated) the peaks of the uniquantal e.p.s.c.net NS were depressed due to saturation, yet their falling phases were prolonged. For example, in one series with an e.p.s.c.p of 17 nA the mean peak e.p.s.c.net N was about 10 % less than that of the e.p.s.c.N alone (e.p.s.c.net N = 3-7 + 0-05 nA; e.p.s.c.N = 4-1 + 0-05 nA). However, the mean half-decline time of the e.p.s.c.net increased considerably (as in Text- fig. 30C, D) . Text- fig. 7A shows a sequence of superimposed records of responses resulting from the focal release of two to twelve quanta. While the time to peak of synaptic currents remained essentially constant, the halfdecline times increased from 2-5 to 16-5 msec as the quantal content increased. This is in sharp contrast to in which a comparable number of quanta (two to thirteen) were released from sites distributed over the entire end-plate. The half-decline times were similar, less than 4-0 msec. However, the half-decline time was prolonged to 9-5 msec in normal Ringer solution when approximately 300 quanta were released to produce a peak response of about 1250 nA (Text- fig. 70C ).
The interaction between quanta is more completely analysed in Text fig. 8 (Text-fig. 9A ). This feature is better appreciated from the plot of the entire series (Text- fig. 10 ) in which many of the half-decline times are longer when more than five H. CRISS HARTZELL AND OTHERS quanta are released focally (filled circles), as compared with diffuse release of even more quanta (open squares).
These results are consistent with the experiments in which only a marginal potentiating interaction was seen between nerve-released ACh and pipette-released CCh when AChE is active. In the example of Textfigs. 9A, 10, many closely spaced sources release ACh on to the postsynaptic membrane. The concentration of ACh at the fringe of the postsynaptic area affected by each quantum is low and, therefore, on the potentiating portion of the dose-response curve. We assume that the duration of this low concentration is brief, owing to the hydrolysing action of AChE. However, if the number of such overlapping fringes is great enough, a small amount of potentiation occurs, because the active release sites are sufficiently close together due to focal Ca2+ application.
Effects of Ca2+ on the post-synaptic response As a control to show that Ca2+ itself does not alter the post-synaptic current response to ACh, we turned once more to the model system of iontophoretic ACh application. The experiments were done in low [Ca2+] solutions as in Text- fig. 3 , except that two separate pipettes were used for application of Ca2+ and ACh. They were sufficiently close to cover overlapping post-synaptic areas. Test pulses of ACh produced rapid responses (as in Text- fig. 2A ) that were not affected by a conditioning pulse of Ca2+ from the other pipette. Ca2+ pulses much larger than those used in Textfigs. 7-10 had no effect on the time course of the test response, although an attentuation of its amplitude was noted.
Small focal contractions of the muscle were observed at the point of ACh application only when Ca2+ was present. Contractions confined to the end-plate of voltage-clamped fibres were also seen in normal [Ca2+] Ringer when the nerve released its full complement of quanta, as in Text-figs. 7 C or 9 C. Interestingly, even as few as two or three quanta could produce highly localized contractions beneath a bouton. This occurred when Ca2+ was iontophoretically applied to a synaptic bouton in low [Ca2+] Ringer to induce focal release of ACh upon nerve stimulation.
These results show (i) that there is an increased permeability to Ca2+ during the action of ACh (cf. also Jenkinson & Nicholls, 1961; Ahmad & Lewis, 1962; Takeuchi, 1963; Katz & Miledi, 1969; Parsons & Nastuk, 1969; Evans, 1974) and (ii) that Ca2+ itself does not have an appreciable direct effect on the post-synaptic currents. This is consistent with the observations of Dodge & Rahamimoff (1967) H. CRISS HARTZELL AND OTHERS excitatory post-synaptic potential (e.p.s.p.) differs in time course from the excitatory post-synaptic current (e.p.s.c.) in a characteristic fashion. For example, the e.p.s.p. produced by a single quantum (Text- fig. 11 A) is significantly slower than a uniquantal e.p.s.c. (Text-fig. 5A ). As Takeuchi & Takeuchi (1959) , among others, have shown, the conversion of synaptic current to voltage involves only the passive cable properties of the cell. Thus, by knowing the effects of potentiation on the e.p.s.c., the effects on the e.p.s.p. can be predicted. For example, in Text-figs. 5 and 6 a conditioning dose of pipette-released ACh prolonged the half-decline time but had no effect on the peak or time to peak of the e.p.s.c. Gage & McBurney (1973) have quantitatively examined an analogous situation, using cable theory, and have calculated that such a change in the synaptic current would produce an increase in the peak amplitude, time to peak and halfdecline time of the potential response. The experimental results in Textfig. I1 are consistent with expectation. The peak amplitude, time to peak and half-decline time of the net nerve-evoked potential are all increased by a small conditioning dose of ACh released from a pipette.
Another source contributing to non-linearity of synaptic potentials
In considering membrane potential changes one should recall the well established non-linear summation of synaptic potentials resulting from a decreased driving force for synaptic current flow as the membrane depolarizes (Martin, 1955) . This property does not involve the chemistry of ACh action at the post-synaptic membrane but is a purely electrical phenomenon. Thus, a conditioning dose of ACh, which itself depolarizes the muscle membrane, can have to opposing effects on the net nerveevoked potential response. This was clearly demonstrated in experiments similar to the previous one (Text- fig. It ), except that ACh from the conditioning pipette was released over a discrete membrane area 20 jum away from that covered by nervereleased ACh. Under these conditions, when two independent areas are affected, no potentiation was observed, which follows from experiments such as Text- fig. 2A . In fact, the peak of the net nerve-evoked potential response decreased a little as a result of the depolarizing action of the conditioning ACh. The reduction was consistent with a -15 mV reversal potential for ACh in the snake muscle (S. WV.
Kuffler & D. Yoshikami, unpublished observations).
Potentiation upon release of a single quantum So far, potentiation has been demonstrated when ACh was released on to overlapping areas from separate sources, either from two pipettes or from several synaptic release sites. The question arises whether potentiation can also be detected when ACh is released from a single source. Textfig. 12 shows that potentiation is pronounced when ACh is released in increasing amounts from a single pipette abutting on the post-synaptic membrane. As the dose of ACh is increased, the half-decline time, as well as the peak amplitude of the e.p.s.c. increases fig. 2, see inset) . 0-5 msec ACh pulse was varied in amplitude. The circle on each falling phase marks the half-decline time. It is progressively prolonged with increasing peak amplitude due to potentiation. There also is a slight increase in the time to peak.
The experiment of Text- fig. 12 serves as a model for uniquantal responses assuming that the established variation in amplitudes among quanta result from varying amounts of ACh contained in quanta. Consistent with the responses to ACh released from a single pipette, a positive correlation between peak currents and half-decline times of uniquantal responses was seen (Text- fig. 13 A) . On the other hand, no correlation was observed between the times to peak and the amplitudes of uniquantal e.p.S.C.S.
From these results we conclude that at the peak of the uniquantal response the ACh concentration is on the linear part of the dose-response curve, and small increments in ACh add linearly to the response. On the declining phase of the response, however, the ACh has fallen on to the potentiating portion of the dose-response curve, so that a small increase in ACh produces a disproportionately larger response. In effect, this process prolongs the falling phase when larger amounts of ACh are released.
Negrete, del Castillo, Escobar & Yankelevich (1972) Katz & Miledi (1973), and Text-fig. 13B shows that this phenomenon is also present at the snake end-plate. Since there is a positive correlation between peak amplitude and half-decline time of the e.p.s.c. (Text-fig. 13A ), the correlation between peak voltage and time to peak is to be expected as a direct result of the conversion of synaptic current to voltage, as discussed in relation to Text- fig. 11 .
On the basis of the increasing time to peak of the depolarization, Negrete et al. (1972) have suggested that the ACh released from the nerve saturates POST-SYNAPTIC POTENTIATION post-synaptic receptors. They propose that quanta containing larger amounts of ACh produce larger and longer responses by diffusion of ACh laterally on to adjacent receptors from an initially saturated area. In the light of our results with voltage-clamped responses, our interpretation is that receptors are not saturated by a quantum of ACh. Further evidence supporting this suggestion is presented below.
Effects of inhibition of AChE
To supplement the experiments of Text-figs. 3-6 and 13, which indicate that nerve-released ACh does not saturate receptors at the peak of its action, we examined changes in the uniquantal responses when AChE was inhibited. If ACh normally saturated all available receptors within 0 3 msec of release, inhibition of the AChE would produce either no increase in the peak amplitude of the e.p.s.c. or an increased response accompanied by an increased time to peak. Gage & Armstrong (1969) have reported that in frog muscles, prostigmine increased the peak and half-decline time of uniquantal e.p.s.c.s. We have reinvestigated this in the snake, paying particular attention to the times to peak of the responses. The experiments were done on four fibres from different preparations. A total of about 600 uniquantal responses were obtained from each fibre before and during treatment with 3 x 10-g/ml. prostigmine. After inactivation of AChE the peak amplitudes were increased by an average of about 20 %, and the half-decline times were prolonged by about threefold. No detectable change in times to peak (average, about 0 3 msec) was measurable within the limits of the time resolution of the experimental technique (about 0-1 msec). Therefore, when AChE is active, no saturation of receptors takes place.
DISCUSSION
Modulation of synaptic efficacy has usually been viewed in terms of regulation of the output of transmitter from the nerve terminal. This may take the form of facilitation or depression when terminals secrete increasing or decreasing amounts of transmitter during or after a train of impulses (Katz, 1966) . The power to transmit can also be decreased by presynaptic inhibition when the release of transmitter from a terminal is reduced by the inhibitory synaptic action of a neighbouring axon (Dudel & Kuffler, 1961; Eccles, Eccles & Magni, 1961) . Our present findings suggest that an additional type of modulation should also be considered, i.e. a potentiation of synaptic signals via a mechanism within the postsynaptic membrane itself. The existence of this mechanism has been apparent from the initial work by Katz & Thesleff (1957) concerning the H. CRISS HARTZELL AND OTHERS non-linear behaviour ofthe synaptic membrane. In the course ofexamining the consequences of this behaviour we found that potentiation could be demonstrated not only in model experiments when ACh is released from pipettes but also when ACh is secreted in the form of one or many quanta by a nerve terminal during synaptic transmission.
Post-synapticpotentiationfollowing release ofAChfrom nerve terminals and from pipettes. Post-synaptic potentiation may be viewed as a modulation of synaptic efficacy by regulating the ACh sensitivity of the post-synaptic membrane. Such modulation is anticipated as a direct consequence of the non-linear behaviour of the post-synaptic membrane. Thus, the effect of a given number of ACh molecules will depend upon the ACh concentration profile in the synaptic cleft.
The model system where micropipettes are substituted for release sites in a nerve terminal (e.g. Text- fig. 2 ) provided a direct experimental means for elucidating the relationship between the spatial distribution of ACh in the cleft and the synaptic response. In the model system, as in normal synaptic transmission, specific requirements must be met for potentiation to occur: ACh must be released from sites that are close enough to each other to cover overlapping post-synaptic areas, and the ACh concentration must be appropriately low.
Text- fig. 14 presents a qualitative picture of the distribution of the density of activated ACh receptors in the post-synaptic membrane at three different times during a nerve-evoked end-plate current. Text- fig. 14A , when AChE is inhibited, shows spatial overlap as ACh spreads within the synaptic cleft. This scheme is well supported by both the iontophoretic model experiments (Text- fig. 2 ) and the experiments of 8. We are less confident about the situation when AChE is active, as proposed in Text- fig. 14B . We have shown that even when 300 quanta are released over the entire end-plate, each quantum acts independently. There are, however, two possible explanations for this independence. (1) The lifetime of ACh molecules in the cleft is so brief that the ACh passes through the potentiating concentration so rapidly that potentiation is difficult to resolve. In that case a small overlap may occur. (2) The post-synaptic area affected by a quantum is sufficiently small that adjacent quanta do not spread far enough to cover overlapping post-synaptic areas. Although our data are consistent with both explanations, we prefer the second one, which is illustrated in Text- fig. 14B , for the following reasons: (i) a small potentiation has been seen (Text- fig. 9A ) when the distance between active release sites was made abnormally close by focal Ca2+ application:
(ii) we expected that the bulk of the ACh is bound to receptors by the time the peak of the response (300 /tsec) is reached and that each ACh molecule can act only once (Katz & Miledi, 1972) . Thus, the released ACh can diffuse 454 POST-SYNAPTIC POTENTIATION only a very short distance from the release site, probably less than 1 1um in radius (Negrete et al. 1972) .
The prolongation of synaptic currents with focal release of quanta (Text- fig. 7A ) seems analogous to the long-lasting e.p.s.p.s. seen by Kuba & Tomita (1971) evoked by focal depolarization of the presynaptic nerve terminal of rat muscles in the presence of prostigmine. They suggested that the prolongation was produced by a direct effect of prostigmine on the kinetics of ACh-receptor interaction. However, since focal depolarization of the nerve is expected to release quanta from a localized region Katz & Miledi (1973) have demonstrated that prostigmine (10-6g/ml.) has little or no effect on ACh noise; (iii) (Augustinsson, 1948) .
Quanta act independently of each other. The usual role assigned to AChE is to shorten the action of ACh by hydrolysing it (see Katz, 1966) . In the process it also provides choline for re-uptake into the terminals for synthesis of new ACh (Collier & MacIntosh, 1969 (Takeuchi & Takeuchi, 1964 , 1969 and by GABA at the insect neuromuscular junction (Brookes & Werman, 1973 (Bennett, 1972) (Eldefrawi & Eldefrawi, 1973; Weber & 458 POST-SYNAPTIC POTENTIATION4 Changeux (1974) . Alternatively, co-operativity could occur at the level of the activation of the ionic channel. For example, the binding of two ACh molecules could open more than twice the number of ionic channels that are opened by a single molecule. The lifetime of the ionic channel itself does not appear to be affected by ACh concentration (Anderson & Stevens, 1973) . Another possibility is that at least two ACh molecules must bind in order to activate an ionic channel.
The very marked prolongation of e.p.s.c.s that we have observed (Text- fig. 7A ) seems to be substantially greater than what might be expected from co-operativity in ionic channel activation alone. This may be appreciated by comparing the largest response in Text- fig. 7A with that in Text- fig. 7B . At the time when the non-potentiated response (Text- fig. 7B ) has declined to I of its peak amplitude, the amplitude of the potentiated e.p.s.c. (Text-fig. 7A ) is almost tenfold larger than the non-potentiated e.p.s.c. We would have expected at most a fourfold potentiation if the response were proportional to [ACh] j8. This unexpected prolongation of the potentiated response indicates that ACh may be lingering in the synaptic cleft. Katz & Miledi (1973) have suggested that diffusion of ACh out of the cleft may be retarded by binding to the receptors. Thus, the prolongation of the potentiated responses we observed may be explained by increased binding of ACh to receptors as a result of co-operativity.
Another mechanism that would generate a sigmoid dose-response curve involves heterogeneity in ACh binding sites in the synaptic cleft. Any high affinity site that produces no membrane response would titrate low concentrations of ACh. Such heterogeneity could exist among the ACh receptor molecules themselves. Katz & Thesleff (1957) raised such a possibility by suggesting that a fraction of the receptors may normally exist in a desensitized state and bind ACh with high affinity without producing any conductance change in the membrane.
Level of saturation of ACh receptors. At the peak of the synaptic current in response to a quantum of ACh, the ACh receptors are not totally saturated. This conclusion is based upon two lines of evidence: (i) the peak uniquantal e.p.s.c. increases an average of 20 % without any apparent change in the time to peak when the muscle is treated with an anticholinesterase. This suggests that at least 20 % of the receptors are not occupied by ACh at the peak of the response when AChE is active; (ii) low conditioning doses of pipette-released ACh do not attenuate the peak of a nerve-evoked response .
The effect of conditioning background ACh on the peak of nerve-evoked responses can be evaluated more quantitatively, as shown in . In this treatment the expected potentiation or saturation of a test response by a conditioning dose was calcuated, using eqn. The relative net test response (the ratio of the net to the control test response) for the four different test concentrations was plotted as a function of the conditioning response. If the conditioning dose has no effect, the relative net test response is 1 0 (dashed line). When the response is potentiated, the value is greater than 1-0, and if it is saturated, the value is less than 10.
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POST-SYNAPTIC POTENTIATION area during the early rising phase of the e.p.s.c. This may occur if the receptors directly opposite the presynaptic release site bind ACh sufficiently fast, before the ACh concentration can be diluted by diffusion in the cleft.
The density of ACh receptors in the post-synaptic membrane is on the order of 104/#tm2 (Barnard, Wieckowski & Chiu, 1971; Fambrough & Hartzell, 1972; Fertuck & Salpeter, 1974) . Since the number of ACh molecules released from a quantum is less than 104 (Kuffler & Yoshikami, 1975b) , complete saturation of receptors would occur only if a quantum affected less than a /sm2 of post-synaptic membrane at the peak of the response. Since the time to peak of the e.p.s.c. is about 0-3 msec, sufficient time probably exists for the ACh to diffuse over such an area (see Negrete et al. 1972) . Note added in proof. Since the preparation of this manuscript, Dreyer & Peper (Nature, Lond. 253, 641-643, 1975) have reported a quantitative description of the non-linear dose-response relationship to ACh at the frog end-plate. Also, Magleby & Terrar (J. Physiol. 244, 467-495, 1975) have made observations similar to ours concerning the effects of bath application of ACh and OCh on nerve-evoked synaptic current responses at the frog neuromuscular junction.
